An infrared absorption spectrum consisting in three lines observed around 2223 cm −1 at liquid helium temperature characterizes a defect common in silicon crystals containing hydrogen. Several investigations of this spectrum have converged towards its assignment to a fully hydrogenated lattice vacancy defect V(Si-H) 4 . However, the fact that the ratios of the intensities of the three lines have been reported to be proportional to the natural abundances of the three silicon isotopes suggests that only one Si atom is involved in the defect, apparently contradicting the above assignment. In this paper, the spectroscopic investigation of this defect is revisited and the Si-related isotopic structures of V(Si-H) 4 
I. INTRODUCTION
Atomic hydrogen can be introduced in crystalline silicon by growing the crystal in a hydrogen-containing atmosphere or by irradiating samples with high-energy protons or deuterons. The growth in a hydrogen atmosphere produces a somewhat homogeneous hydrogen distribution while under irradiation hydrogen remains located within the penetration depth of the ions.
The presence of hydrogen is attested from the observation in the samples of vibrational absorption bands at frequencies characteristic of the stretching of chemical bonds involving a hydrogen atom and an atom of the crystal. The vibrational modes giving these absorptions are termed as "local" as they do not propagate in the crystal because of their relatively high frequencies.
Room temperature (RT) absorption measurements of silicon samples irradiated with 400 keV-protons have revealed several H related vibrational bands with wavenumbers between 1835 and 2210 cm −1 characteristic of Si-H stretch modes, together with the electronic absorption near 5500 cm −1 of the silicon divacancies (V 2 ) produced by the irradiation. 1 The local vibrational mode (LVM) reported at 2210 cm −1 at RT 1 was also observed in float-zone (FZ) silicon grown in a H 2 atmosphere. 2 This LVM was found to shift to a higher frequency (2223 cm −1 ) and to sharpen considerably when measured at liquid helium temperature (LHeT), allowing to observe weak low-frequency satellites attributed to 29 Si-H and 30 Si-H modes, as the intensities of the three peaks were found to be roughly proportional to the natural abundances a) Author to whom correspondence should be addressed. Electronic mail:
bernard.clerjaud@upmc.fr of the three Si isotopes 2 ( 28 Si: 0.9223, 29 Si: 0.0467, and 30 Si: 0.0310). The presence of hydrogen was confirmed by the observation in FZ silicon grown in a D 2 atmosphere of the absorption at LHeT of a LVM at 1617 cm −1 , as the 2223/1617 ratio (1.375) is comparable to the square root of the ratio (1.390) of the reduced masses of the Si-H/Si-D oscillators. 2 In samples grown in a mixed (H 2 + D 2 ) atmosphere, besides the LVMs at 2223 and 1617 cm −1 , four new LVMs were observed in the immediate vicinity of the former LVMs. This was reasonably interpreted by the presence of several hydrogen atoms in the center giving the 2223 and 1617 cm −1 LVMs, and by a partial hydrogen isotopic substitution during a mixed hydrogenation. The observation of only one Si-H or Si-D LVM associated to the above center under H 2 or D 2 growth seemed to imply a tetrahedral (T d ) symmetry of this center, as a lower symmetry would have produced more than one LVM. It was therefore suggested that the center responsible of the 2223 cm −1 LVM was either an interstitial silane molecule (iSiH 4 ) or a lattice vacancy V whose four dangling bonds have trapped a H atom to give V(Si-H) 4 , noted VH 4 for simplicity, with four equivalents Si-H bonds, 2 shown in Fig. 1 . The T d symmetry of the center associated with the 2223 cm −1 LVM was confirmed by piezospectroscopic measurements, and this mode attributed to the T 2 stretch mode of the Si-H bonds of VH 4 (T 2 denotes a triply degenerate irreducible representation (IR) of T d ). 3 It has been stated 4 that, in silicon, stretching modes of H-related defects with wavenumbers below 2000 cm −1 are connected with H interstitial complexes while those with wavenumbers above 2000 cm −1 are connected with Hvacancy related defects. Therefore, Mukashev et al. 4 concluded that the 2223 cm −1 LVM was due to VH 4. This attribution is substantiated by ab initio calculations of the frequency It has to be noted that not only LVMs of fully hydrogenated vacancies have been reported, but also those of partially hydrogenated vacancies VH, VH 2 , or VH 3 in silicon. 8 A H-related absorption mode at 2178 cm −1 at RT has also been reported in proton implanted samples 10 and in FZ silicon grown in hydrogen atmosphere. 11 This mode was observed at LHeT in C-rich silicon 12 at 2183.32 (2183) cm
with a full width at half maximum (FWHM) of 0.12 cm −1 . The observation and intensity of this LVM were correlated to the ones of a LVM at 2826.86 (2827) cm −1 , attributed to a C-H or N-H stretch mode. 12 The observation of the 2183 and 2827 cm −1 LVMs has recently been reported after appropriate annealing in multicrystalline (mc) silicon samples with a carbon concentration of 8.8 × 10 17 cm −3 initially annealed at 1250
• C in a H 2 atmosphere and rapidly quenched at RT. 13 These two LVMs, together with a weaker one at 2214.6 cm −1
(2214.5 cm −1 in Ref. 12) , have been convincingly attributed to a VH 3 HC center 13 (the presence of C was notably attested from the shift of the 2827 cm −1 LVM to 2819 cm −1 in a silicon sample containing 13 C). This center can be seen as a VH 4 entity trapped by a C atom. 13 In silicon samples grown in a D 2 atmosphere, the Si-D and C-D LVMs corresponding to the 2183 and 2827 cm − It has been shown 14 that in C-rich silicon, VH 4 begins to migrate above 550
• C and then is trapped at substitutional C thus forming VH 3 HC centers.
Even though many arguments converge towards the attribution of the 2223 cm −1 mode to the T 2 mode of VH 4 , it is not obvious to reconcile its Si-related isotopic structure with the VH 4 attribution. The intensities of the three components near 2223 cm −1 have been considered until now to be proportional to the abundances of the three Si isotopes. This would match perfectly the interstitial silane molecule interpretation as only one silicon atom is involved in this molecule. In the frame of the VH 4 interpretation, it would imply that the line at 2223 cm −1 involves four 28 Si atoms bonded to H while the two lower wavenumbers satellites would involve three 28 Si and one 29 Si or 30 Si atoms. 15 There are however problems with such a description. If the center with four 28 Si has T d symmetry and only the IR-active T 2 mode of vibration, the symmetry of the center lowers to C 3v when one of the 28 In order to clarify the situation, in this paper, the Sirelated isotopic structures of the stretch modes of VH 4 , VD 4 , and VH 3 HC are revisited and modeled.
II. EXPERIMENTAL RESULTS
Experiments have been performed with FZ silicon samples cut from crystals grown in H 2 or D 2 atmospheres and containing, for some of them, large concentrations of carbon. These samples were cooled near LHeT in a continuous flow cryostat, and their absorption measured at a spectral resolution of 0.04 cm −1 using a BOMEM DA8 Fourier transform spectrometer. For this spectral resolution, considering that instrumental broadening can be neglected when the true FWHM of a line is about three times the spectral resolution, there is a small instrumental broadening of the (Si-H) lines shown here, which depends on their true width. In order to evaluate the integrated intensities of the absorption lines, an empirical baseline has been drawn for each line and the area between this baseline and the line has been measured.
The absorptions of the stretch modes of VH 4 around 2223 cm −1 and of VD 4 around 1617 cm −1 are shown in Figs. 2(a) and 2(b), respectively. In Fig. 2(a) , the FWHM of line 1 is 0.11 cm −1 . In additions to the lines noted 1, 2, and 3 in Fig. 2(a) , some humps can also be observed, with one noted by an asterisk. These weak features are discussed in Appendix B.
In Fig. 2(b) , line 1 at 1617.53 cm −1 is due to VD 4 . The observed FWHM is ≈0.06 cm −1 and the true FWHM should be ≈0.05 cm −1 . In this spectral region, despite the evacuation of the spectrometer, the residual absorption of very intense vibrational lines of water vapor can still be observed. Line a in Fig. 2(b) is such a line (its exact position is 1616.714 cm −1 ) 16 and it has been wrongly attributed to a The line at 2183 cm −1 , due to the VH 3 HC center, also shows a Si-isotope-related structure, which is displayed in Fig. 3 .
The wavenumbers of the main lines are indicated in Figs. 2(a) and 2(b), and 3 together with the ratios of their integrated intensities with the ones of lines 1.
The anharmonicity of the T 2 modes of VH 4 and VD 4 in silicon is attested by the observation of overtones of these modes at 4388.54 and 3208.07 cm −1 , with relative intensities of ≈0.8% with respect to the fundamentals. 12 The FWHM of the overtone of T 2 (VH 4 ) is 0.6 cm −1 , but the S/N ratio pre- cludes the observation of a Si isotope structure of this line (see Fig. 2 
III. MODELING OF VH 4
A model similar, in spirit, to the one proposed by Bech Nielsen et al. 18 for VH 4 in silicon is used here. This model, where bending modes are not considered, has also been used for VH 4 trapped by a carbon impurity (VH 3 HC). 13 In the case of V(Si-H) 4 , it restricts the center to four convergent Si-H bonds along trigonal axes of the silicon lattice coupled with each other. Each Si-H oscillator, constrained to vibrate along a trigonal axis, can be reduced to a one-particle system having the reduced mass of the oscillator and the modeled center has only four degrees of freedom, and thus four modes of vibration. The effect of the rest of the surrounding crystal is taken into account by defining the reduced mass μ of each oscillator by
In this expression, first proposed by Thomas and Hopfield, 19 m H is the mass of the H atom, m Si the mass of the Si isotope bonded to H, and χ is a factor, usually larger than unity, representing the interaction of the Si atom bonded to H with the surrounding crystal. The model is investigated in the harmonic approximation; as the anharmonicity of the Si-H bonds is independent of the silicon isotope involved, 20 anharmonicity will not affect noticeably the Si related ISs. The coordinate of virtual particle i (i = 1, 2, 3, or 4) is defined by its departure r i from its equilibrium location; r i is taken as positive when the distance to the center of the vacancy is larger than the equilibrium distance as shown in Fig. 4 . The r i 's used in this paper have therefore signs opposite to those used in Ref. 18 .
In this section, a model describing the centers with four and three 28 Si atoms is presented. In Appendix B, the model is extended to all possible isotopic configurations of VH 4 and VD 4 . 
A. Isotope shifts and splittings
In the model proposed here, the interaction between oscillators i and j is described by an elastic force between particles i and j. In principle, the equilibrium bond length depends upon the isotope mass, 20 but it has been quoted that this effect is negligible for the Si isotopes. 20 Therefore on the one hand, the equilibrium locations of the four particles are at the same distance from the center of the vacancy, and on the other hand, the Si-H force constants K and the inter-oscillator force constants k are considered as independent of the silicon isotope mass. As the r i 's are considered to be very small as compared to the distance between the center of the vacancy and the equilibrium location of the particles, to the first order, the change of the orientations of the inter-oscillator forces can be neglected. In the context of this approximation, one sees in Fig. 5 (a) that the increase in inter-bond length is (r i + r j )sin (θ /2) where, for VH 4 , θ = 2 arcsin √ 2/3 is the angle between two Si-H bonds. Therefore, in the harmonic approximation, the interaction between oscillators i and j is described by forces whose norms are
and by a potential energy,
Particle i is submitted to three inter-oscillator interactions.
The projection on the Si-H axis of oscillator i of the total force acting on particle i is therefore
If the reduced mass of the Si-H oscillator i is μ i , the equation of motion of particle i is
The V( 28 Si-H) 4 center is considered first and the reduced mass of the 28 Si-H oscillator is noted μ. In the context of this model, the angular frequencies ω of the eigenmodes of the center are solutions of
This system has a triply degenerate solution corresponding to a mode with T 2 symmetry at angular frequency
It also has a non-degenerate solution, corresponding to an IRinactive mode belonging to the A 1 representation of the T d group
Values of the force constants K and k can be derived from the experimental values of the T 2 mode (2223 cm −1 ) and of the A 1 mode of V( 28 Si-H) 4 (2257 cm −1 ) at LHeT. 8 For χ values in the range 1-3, they yield K = 280 N m −1 and k = 3. Fig. 4 , with reduced mass μ . This center has C 3v symmetry where the C 3 axis is the axis of bond 1. The angular eigenfrequencies are now given by This system has a doubly degenerate solution corresponding to a mode transforming like the E representation of the C 3v group, with angular frequency
and two nondegenerate A 1 symmetry modes with angular frequencies
The + sign corresponds to a very weakly IR-active mode, not reported up to now, and the − sign to a fully IR-active mode. One notes that the angular frequency of the E mode is exactly the same as the one of the T 2 mode of the purely tetrahedral V( 28 Si-H) 4 center. Thus, line 1 in Fig. 2(a One could indeed use the values of the force constants determined previously to obtain directly the angular frequencies of the A 1 modes. However, as μ and μ are quite close to each other, the expressions for these modes can take simpler forms by introducing a dimensionless parameter ε such as
In the cases considered in this paper, ε is positive and of the order of 10 −3 . It is therefore legitimate to perform an expansion of ω A − 1 limited to the terms linear with respect to ε. One obtains
To first order in ε,
and the IS is thus
where the dimensionless factor S is denoted IS factor. Similarly, the IS of the A + 1 mode with respect to A 1 is
ω T 2 and ω A 1 are known from experiments and the only evaluation of ε is necessary to compare Eqs. (15) and (16) with the experimental results. For χ = 1, i.e., using the simple diatomic mass, one obtains, for the infrared lines of the 29 
B. Intensities of the absorption lines
The vibration-induced dipoles depend only very weakly on the silicon atom masses. Therefore, for calculating the intensities of the absorption lines, one neglects the difference between the μ and μ reduced masses. In the context of this approximation, vibrations of the A + 1 mode do not induce any electric dipole. If one uses the bond numbering of Fig. 4 and assume that the eventual non- 28 Si is in location 1, the components of the electric dipoles induced by the vibrations are given by
where the x 1 , y 1 , and z 1 axes correspond to the 112 , 110 , and 111 axes, respectively, and a is a constant describing the strength of the coupling of the radiation to the local mode. . Therefore,
In Table I , a comparison between the experimental spectroscopic characteristics and those obtained from the above model is given for V(Si-H) 4 and V(Si-D) 4 . The values of the relative intensities given by Eqs. (18) and (19) are those in the column "Model 1." One notices a satisfactory agreement between the experimental and modeled values, even though the experimental values of the intensities seem slightly larger than those deduced from the model. 4 and VD 4 spectra. The experimental values are at 6 K. χ = 1.2 and natural abundances of the Si isotopes have been used. Model 1 considers only centers involving three or four 28 Si whereas model 2, described in Appendix B, considers all possible combinations of the first silicon neighbors. The ratio of the natural abundances of the Si-isotopes are P 29 /P 28 = 0.051 and P 30 /P 28 = 0.034. The asterisk refers to the line marked by an asterisk in Fig. 2(a) 
IV. MODELING OF VH 4 TRAPPED BY SUBSTITUTIONAL CARBON (VH 3 HC)

A. Isotope shifts and splittings
Let us consider the VH 3 HC center, noted also here V(Si-H) 3 HC involving first three 28 Si-H bonds. Its point group symmetry is C 3v , with the trigonal axis along the C-H bond. The same notations as in Sec. III are used. At a difference with VH 4 , the value of the angle θ between the Si-H bonds is not precisely known. For small displacements, the increase in inter-Si-H bond length is (r i + r j )sin (θ /2) to the first order; therefore, in the harmonic approximation, the interaction between Si-H oscillators i and j is described by forces whose norms are
and by a potential energy
The C-H bond involved in VH 3 HC is numbered 1. As the C atom involved in the center relaxes away more than the Si atoms do, two angles are necessary for describing the coupling between the C-H and Si-H bonds; the α and β angles shown in Fig. 5(b) are chosen. Out of equilibrium, in the small displacements approximation, the increase of the Si-H/C-H inter-bond distance is r 1 cos α + r i cos β. Denoting k C the force constant associated with the coupling of C-H and Si-H bonds, the interaction between these bonds is described, in the context of the harmonic approximation, by the potential energy
and by forces whose norms are
Denoting K C the force constant associated with the C-H bond and μ C the reduced mass of the associated oscillator, the equation of motion of particle 1 for a purely stretching motion in the harmonic approximation is
and those of particles i = 1 are
If one defines
the V( 28 Si-H) 3 HC center has stretching modes whose angular frequencies are roots of the equation
G H H H H I J J H J I J H J J I
One sees that if I = J, the three last lines of the determinant are identical; this means that I = J corresponds to a doubly degenerate mode, i.e., the E mode of vibration of the center (E denoting irreducible representation of the C 3v group). The angular frequency of the E mode of vibration is therefore given by
or
Let us now consider the VH 3 HC center with C 1h symmetry involving two 28 Si atoms and one 29 Si or 30 Si atom. With atom 4 taken as the 29 Si or 30 Si atom, the stretching motion of this atom is described by
As ε 1, to the first order, μ = μ(1 + ε). Therefore, the stretching angular frequencies of the center are given by
One notes that for I = J, the second and third lines of the determinant are identical. This means that I = J corresponds to a non-degenerate solution of Eq. (34), i.e., in this case, the A mode of vibration (A denotes an irreducible representation of the C 1h group). Therefore, the angular frequency of the E mode of the center involving three 28 Si and the one of the A modes of the center involving two 28 Si atoms and one 29 
(35) The A mode involved in the structure around 2183cm −1 has an angular frequency very close to ω A . Therefore, one focus on the ω A solution of this equation such as I = J + δμω 2 A , δ being a very small dimensionless quantity. The previous equation thus can be written
(36) Neglecting the second order terms, i.e., the terms proportional to δ 2 and δ ε, it becomes
Therefore,
(40) One thus obtains, to first order of ε,
Taking for factor χ in the reduced masses μ and μ the same value 1.2 as for VH 4 , one obtains for the 29 Si and 30 Si isotopic components of ω A ISs of 0.73 and 1.40 cm −1 , respectively, agreeing well with the experimental values of Fig. 3 (0.76 and 1.4 cm −1 ).
B. Intensities of the absorption lines
In this subsection, the relative intensities of the three components of the structure around 2183 cm −1 are calculated. As in Sec. III B, the differences between the μ and μ reduced masses are neglected. With the C atom in location 1, the components of the electric dipole induced by the E mode of the center involving three 28 Si are given by
where constant b describes the strength of the coupling of the radiation to the local mode. 22 The probability for a V( 28 Si-H) 3 HC center with the C atom in location 1 is π 28 = P 3 28 , therefore, the overall probability for finding V( 28 Si-H) 3 HC is 28 = 4P 3 28 , as there are four possible locations for the C atom.
For a V( 28 Si-H) 2 ( A Si-H) HC center where A = 29 or 30, if the C atom is in location 1 and the A Si atom in location 4, p x 1 is induced by the A mode and p y 1 by the A mode. The probability to have a configuration with the C atom in location 1, a 29 Si atom in location 4 and two 28 Si in locations 2 and 3 is π 29 = P 29 P 2 28 . As there are three possible configurations with a C atom in location 1, one 29 Si and two 28 Si atoms in the center, the probability for such a configuration is π 29 = 3P 2 28 P 29 . As there are four possible locations for the C atom, the overall probability to have a configuration with a C atom, a 29 Si and two 28 Si atoms is 29 = 12P 2 28 P 29 . In the same way, the probability to have a center with a C atom, a 30 Si atom and two 28 Si atoms is 30 = 12P 2 28 P 30 . With N denoting the total number of VH 3 CH centers per unit volume, the integrated intensity of the absorption of the E mode of the V( 28 Si-H) 3 HC center is I E = 4πNP For comparison with the experimental spectrum in Fig. 3 Table II gives a comparison of the experimental results with those from the model developed in Sec. IV, and it is seen that the ratios in Eqs. (43) and (44) are within the error bars of the experimental results. A striking result is that neither the relative angular frequencies nor the relative intensities of the lines depend on the strength of the coupling between C-H and Si-H oscillators. This means that the results obtained are also valid if this coupling is zero corresponding in fact to VH 3 . Therefore, the silicon related isotopic structure of the VH 3 absorption line at 2155 cm −1 (Ref. 8) should be very similar to the one of the 2183 cm −1 line of VH 3 CH. Unfortunately, to our knowledge, a detailed spectrum of the 2155 cm −1 line of VH 3 is not avail- 23 impeding comparisons with the model developed in this section.
V. CONCLUSION
In this paper, it has been shown that the Si-related isotopic structures of the IR absorption lines around 2223/1617 cm −1 observed in silicon samples grown under H 2 /D 2 atmospheres or implanted with protons/deuterons are wholly compatible with fully hydrogenated monovacancies (VH 4 /VD 4 ). It turns out that if the intensities of the three main lines of the spectra look proportional to the abundances of the silicon isotopes, the physical modeling does not substantiate further this similarity. The most intense absorption line is the superposition of the absorptions due to the triply degenerate mode of the V( 28 Si-H) 4 center and of modes of VH 4 centers involving 29 Si or/and 30 Si nearest neighbors. The experimental observation of several small features in addition to the three main lines around 2223 cm −1 in hydrogenated samples provides in fact an additional argument for assigning the center responsible of this absorption to V(Si-H) 4 as interstitial silane molecules would give rise to only three components whose intensities should strictly scale with the abundances of the silicon isotopes.
The model developed in this paper should in principle also apply to tetra-hydrogenated vacancies in other fourfold coordinated materials such as germanium or III-V compounds. In germanium samples implanted with protons at 30 K, a LVM at 2061.5 cm −1 is observed at LHeT after annealing at room temperature, but it is no longer observed after annealing at about 635 K. 24 The splitting under stress of this LVM has led to its attribution to the T 2 stretch mode of the VH 4 center. 24 In deuteron-implanted samples, the stretch mode of VD 4 is located at 1488.5 cm −1 . 24 There is no indication of a Ge isotope effect of these LVMs, which should be, in any case, very difficult to observe because of the number of isotopic components involved, as there are five Ge isotopes all of which have natural abundances above 7%. Moreover, for Ge, the ε factors defined in Eq. (12), and therefore the ISs of the lines are smaller than in silicon as the average Ge mass is about 72 u. A sharp LVM at 2315 cm −1 is observed at LHeT in indium phosphide samples from LEC crystals grown with water-containing encapsulant. 25, 26 It has been ascribed to the T 2 stretch mode of an In vacancy "decorated" by four H atoms (V In (P-H) 4 ), [25] [26] [27] [28] but P has only one natural isotope and no comparison is possible. To our knowledge, LVMs of VH 4 like centers have not been reported in other III-V or in II-VI materials.
The isotopic structure of the line around 2183 cm −1 due to VH 4 trapped by a C atom has also been investigated. The component at 2183.32 cm −1 is the superposition of the doubly degenerate mode of the center involving three 28 Si neighbors and of non-degenerate modes of centers involving on the one hand two 28 Si and a 29 Si neighbors and on the other hand two 28 Si and a 30 Si neighbors; the two other components observed are due to non-degenerate modes of centers involving, respectively, on the one hand two 28 Si and a 29 Si neighbors and on the other hand two 28 Si and a 30 Si neighbors. The model predicts that VH 4 trapped by other impurities than carbon, or isolated VH 3 , should show Si-related isotopic structures almost identical to the one of the VH 3 HC center; it would be of interest to test this prediction.
APPENDIX A: ISOTOPE SHIFTS OF A HYPOTHETICAL i-SiH 4 MOLECULE
For estimating the isotope shifts of a hypothetical i-SiH 4 molecule, a valence force approximation of the molecule is used. Moreover, as the radial force constant is more than one order of magnitude larger than the transverse force constant, the latter one is neglected. In the context of this crude model, the angular frequency of the T 2 mode of vibration is given by
where K is the Si-H force constant and μ T the reduced mass of the T 2 mode. In the same spirit as in Secs. III and IV, denoting μ T (A) the reduced mass of the T 2 mode corresponding to the Si-isotope with A nucleons, one can define a dimensionless parameter γ A such as 
and thus 4 , respectively. These values are almost twice larger than the one measured experimentally in Fig. 2(a) . This discrepancy provides a supplementary argument for rejecting the attribution of the spectrum shown in Fig. 2(a) to i-SiH 4 .
APPENDIX B: EXTENSION OF THE MODEL FOR V H 4
In this appendix, VH 4 centers with less than three 28 Si nearest neighbors of the vacancy are considered. All the possible Si isotopic configurations of the VH 4 center are thus explored.
The techniques used in Secs. III and IV for the modeling of VH 4 and VH 3 HC can be extended for modeling VH 4 centers involving less than three 28 Si. The results for all possible silicon related configurations are given in Table III When taking into account all possible Si isotopic configurations, the line of VH 4 at 2222.97 cm −1 is shown to be the superposition of six modes compared to the three ones considered in Sec. III. The intensities of the three components omitted in Sec. III are quite weak in silicon having natural isotopic composition and therefore the intensity ratios calculated in Sec. III are only very weakly affected. The column "Model 2" of Table I gives the relative intensities of VH 4 issued from the model taking into account the six components of the 2222.97 cm −1 line. Six modes also coincide at 2221.86 cm −1 and a mode at 2221.90 cm −1 almost coincides with these six modes. These seven modes correspond to the line marked by an asterisk in Fig. 2(a) observed experimentally at 2221.9 cm −1 . The relative intensity of this line issued from the model is 0.007 that compares relatively well with the experiment (0.010) taking into account the large uncertainty on the experimental value.
Several other modes in Table III ; these values match well humps appearing on the high energy tail of line 2 and on the low energy tail of line 3 in Fig. 2(a) . However, these humps are too weak for allowing to state definitively that they correspond to real lines. It has to be noted that these two modes have not been considered in the measurements of the intensities of lines 2 and 3 of Fig. 2(a) ; therefore, the measured intensities of these two lines might be overestimated.
TABLE III. Modeled wavenumbers (cm −1 ) and relative intensities of the Si isotopic combinations of the Si-H stretch modes of VH 4 in silicon. S is the isotope shift factor and the wavenumber in column 5 is (1 − S) × 2222.97 cm −1 . The wavenumbers in column 5 are calculated for χ = 1.2. The intensities in column 6 are expressed in terms of the abundances P 28 , P 29 , and P 30 of the Si isotopes and those in column 7 are for the natural Si abundances. It would be indeed of interest to measure the VH 4 and VD 4 spectra in isotopically enriched silicon crystals in order to compare them with the results predicted for lines that are below the detection limit in silicon with natural abundances of the silicon isotopes. In quasi-monoisotopic 28 Si, 29 Si, and 30 Si samples implanted with protons, Si-isotope dependent LVMs of the partially hydrogenated VH 2 defect have indeed been measured. 29 At last, it must be noted that the feature marked by an asterisk in Fig. 2(a) could not be interpreted in the frame of an interstitial silane molecule. Therefore, it could provide an additional argument for assigning the center responsible of the IR structure discussed in this paper to VH 4 .
